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Abstract 
Dissolution extraction of uranium oxides, CeO2 and (U, Ce)O2 solid solution with TBP-HNO3 complex in 
supercritical CO2 (SC-CO2) was investigated. It is difficult to dissolve and extract directly UO2 pellets and CeO2 
with TBP-HNO3 complex in SC-CO2. After UO2 pellets spontaneously turns into U3O8 powders under O2 flow 
and 600 ć, the extraction efficiency can reach more than 98%. For dissolution extraction of (U, Ce)O2 solid 
solution  with TBP-HNO3 complex in SC-CO2 under 60  and 20 MPa,  the extraction efficiency of U and Ce is 
98.61% and 98.1%  respectively. 
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1. Introduction 
International interest in high temperature gas-cooled reactor (HTGR) has been increasing in recent years 
because it is recognized worldwidely as an inherently safe nuclear reactor. A 10 MW high temperature gas-cooled 
reactor (HTR-10) has been successfully constructed and operated at Institute of Nuclear and New Energy 
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Technology (INET), Tsinghua University, China [1]. Moreover, a 200 MW HTGR will be constructed in 
Shidaowan, China, recently. 
Reprocessing of spent nuclear fuel (SNF) from HTGR is a key process for recovery of nuclear resource and 
reduction of nuclear waste. Accordingly, it can ensure HTGR sustainable development. However, it is quite 
difficult because of the unique structure of the HTGR fuel elements as shown in Fig. 1. No engineering-scale 
processes were demonstrated until now. In the previous researches at laboratory-scale for reprocessing of SNF 
from HTGR[2], oxidation was used to remove the graphite matrix and the outer dense pyrolytic carbon layers of 
TRISO coated fuel particles, followed by crushing of the silicon carbide shells and additional burning of the inner 
carbon layers. The remnant ashes were leached using nitric acid, followed by a liquid-solid separation method to 
obtain the aqueous nitrate-bearing solution containing actinides and fission products. The resulting solution 
interfaced with PUREX process, in which a large volume of the secondary liquid waste with high radioactivity 
formed. So it is important to develop “green” technologies for reprocessing of SNF from HTGR to reduce 
generation of the secondary liquid waste. 
 
Fig. 1 The fuel element of HTR-10. (A) Cross-section of the fuel element; (B) TRISO coated fuel particle. 
In the recent years, “direct dissolution (extraction)” of metal oxides using TBP-HNO3 complex in 
supercritical CO2 (SC-CO2) has  been developed as an attractive method [3-5]. On the basis of this method, 
Japanese and Russian scientists have suggested new concept reprocessing processes of SNF, namely, the Super-
DIREX (supercritical fluid direct extraction) process and the RELICT (REprocessing by LIquid Carbon dioxide 
Treatment) process respectively [6]. Compared with PUREX process, these two processes can minimize greatly 
generation of the secondary radioactive wastes by omitting the acid dissolution process, and decrease the cost of 
SNF reprocessing. 
In the present work, dissolution extraction of uranium oxides, CeO2 and (U, Ce)O2 solid solution with TBP-
HNO3 complex in SC-CO2 was investigated. Here Ce is selected to simulate Pu. Kim et al. also reported CeO2 is 
a useful surrogate to simulate the Pu behaviour in the MOX fuel fabrication [8]. 
2.  Experimental 
2.1.  Chemicals 
TBP (AR, >98%), HNO3 (AR, 15.5 mol/L), and CeO2 (AR, >99%) were obtained from Beijing Chemical 
Plant, China. Preparation of TBP-HNO3 complex has been reported[7]. UO2 pellets (450-550 Pm in diameter) 
obtained from INET were fuel kernels of  TRISO coated fuel particles prepared with UO2(NO3)2 solution by 
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total-gelation process including steps of preparation, gelation, drying, deoxidizing, and sintering with hydrogen at 
1500 oC [9]. UO2 fine powders were obtained by crushing UO2 pellets with mortar and pestle.  
2.2.  Equipment 
A schematic diagram of the SFE equipment (SFT-100, Supercritical Fluid Technologies, INC., USA) is 
shown in Fig. 2.  
 
Fig. 2  The supercritical fluid extraction experimental system 
The main part of the equipment consists of a stainless steel reaction vessel with 50 ml in volume, which is 
settled in a thermostatic air bath that can control temperature within ±0.1 ć. A plunger pump is used to flow 
CO2. It is coupled with a pressure control plane, which can display and control both the flow rate of CO2 and 
pressure of the system. 
2.3.  Procedure 
The thermostatic air bath was firstly heated to the desired temperature. CeO2, or uranium oxides, or 
(U,Ce)O2 solid solution sample was placed into the extraction vessel in advance. After 8 or 10 ml of TBP-HNO3 
complex was injected into the extraction vessel, the liquid CO2 was subsequently purged into the system. Both 
the static/dynamic valve and the back pressure restrictor valve were closed for pressurizing CO2 with the plunger 
pump to the desired pressure. After 2 h of dissolution extraction, both the static/dynamic valve and the back 
pressure restrictor valve were opened, and liquid CO2 was once again fed at about 2 ml/min of the flow rate, 
while pressure was kept constant. The soluble metal-TBP complex was collected in the bottles filled with 
kerosene after SC-CO2 was gasified under atmospheric pressure. 
For the heat treatment of UO2 pellets, the quartz boat with UO2 pellets was firstly placed in a horizontal 
oven. Then pure oxygen was supplied into the oven at 50 ml/min of the flow rate, and  the oven was heated up to 
600 ć for 4 h. After the heat treatment, the sample was characterized by XRD (D/MAX-IIID, Japan) and SEM 
(S-3000N, Japan). The experimental procedure for dissolution extraction of the heat treatment product with TBP-
HNO3 complex in SC-CO2 was the same as the above. 
For preparation of (U,Ce)O2 solid solution, the uranium(IV) was firstly obtained by electroreduction 
method.  The anode electrode was a platinum plated titanium electrode, and the anode electrolyte solution was 
2.5 mol/L HNO3 and 0.4 mol/L N2H5NO3. The cathode electrode was a titanium mesh electrode, and the cathode 
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electrolyte solution was 2.5 mol/L HNO3 and  65-180 g/L UO2(NO3)2 and  0.4 mol/L N2H5NO3. The area ratio of 
cathode to anode was 2, and the cathode current density was 60 mAcm-2. Then, the oxalate coprecipitate was 
prepared by mixing 0.5 mol/L Ce(NO3)3 and the uranium(IV) solution obtained and 0.2~0.3 mol/L H2C2O4 + 0.3 
mol/L N2H5NO3. The resulting crystallized powder was filtered off, washed with deionized water, and dried at 
room temperature. Lastly, the dried coprecipitate was thermally treated up to 950 ć at 10ć /min of gradient 
under an argon flow to obtain (U,Ce)O2 solid solution.
The quantity of Ce collected was determined by ICP-AES (IRIS. Adr, Thermo Jarrell Ash, USA). The amount 
of U in solutions was determined by the UV-visible spectrophotometer with Arsenazo III indicator [10]. 
The extraction efficiency (E) is defined as follows: 
100%  
0
u 
n
n
E collected  
where 0n  and collectedn  are the mole quantity of metal loaded in the reaction vessel and that collected in the 
collection vessel, respectively. 
3.  Results and discussion 
3.1. Dissolution extraction of CeO2 with TBP-HNO3 complex in SC-CO2
Lanthanide (III) oxides such as Nd2O3 can be effectively directly dissolved and extracted with TBP-HNO3 
complex in SC-CO2[11,12]. The results of dissolution extraction of CeO2 with TBP-HNO3 complex in SC-CO2, are 
shown in Table 1. It is shown that it is difficult to extract Ce from CeO2 with the TBP-HNO3 complex in SC-CO2 
from 40 qC to 60qC because CeO2 is difficult to be dissolved by HNO3. Samsonov et al. reported that individual 
PuO2 and PuO2 in the mechanical mixture of UO2/PuO2 were not directly dissolved and extracted with TBP-
HNO3 complex in SC-CO2, so the dissolution extraction behavior of both CeO2 and  PuO2  with TBP-HNO3 
complex in SC-CO2 are similar[13]. 
Table 1.  Extraction of Ce from CeO2 with TBP-HNO3 complex in SC-CO2 
m (g) [H+] in TBP-HNO3
complex (moL-1)
Volume of TBP-HNO3
complex (ml) 
T (ć) P (MPa) E (%) 
0.4996 4.8477 8 40 21 0.24 
0.5045 4.8477 8 50 21 0.22 
0.5017 4.8477 8 60 21 0.31 
3.2. Treatment of UO2 pellets with TBP-HNO3 complex in SC-CO2
Historical approaches to process TRISO coated fuel particles involved crush-burn-leach process and crush-
leach process. The crush-burn-leach process firstly breaches the SiC layer, and then oxidizes UO2 pellets and 
carbon, and lastly dissolves the uranium oxides with nitric acids. The carbon components from the TRISO coated 
fuel particles are removed as gaseous carbon dioxide. The primary disadvantage of this method is the need to 
capture and sequester the 14C containing CO2. Sequestration using calcium hydroxide results in a large increase in 
the mass and volume of waste compared with that of the original carbon.  The crush-leach process firstly 
breaches the SiC layer, and then dissolves the uranium oxides with nitric acid [14], and thus 14C can’t release from 
the original carbon. So, study on direct dissolution extraction of UO2 pellets and fine powders with TBP-HNO3 
complex in SC-CO2 was firstly carried out in the present work. If direct dissolution extraction efficiency was not 
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high under experimental conditions, heat treatment of UO2 pellets followed by dissolution extraction with TBP-
HNO3 complex in SC-CO2 was then carried out. 
3.2.1.  Direct dissolution extraction of UO2 pellets and fine powders  
Dissolution extraction of UO2 pellets and fine powders with TBP-HNO3 complex in SC-CO2 is shown in 
Table 2. Here, concentration of HNO3 in TBP-HNO3 complex was 4.71 mol/L, and volume of TBP-HNO3 
complex was 10 ml. The extraction efficiency was only 6.98% under experimental conditions. So UO2 pellets are 
difficult to be dissolved and extracted directly with TBP-HNO3 complex in SC-CO2. There are probably two 
reasons. One is their large diameter (about 0.5 mm). The other is that UO2 pellets are sintered at 1500 oC for 3 h 
during their preparation, leading to significant decrease of its surface area and chemical activity. After UO2 
pellets were ground into fine powders by mortar and pestle, the dissolution extraction efficiency could reach 77% 
under the same experimental conditions as the above. When temperature was increased from 50 oC to 60 oC, the 
dissolution extraction efficiency increased from 76.86% to 91.85%. Dissolution extraction of UO2 with TBP-
HNO3 complex in SC-CO2 is a multi-step process consisting of dissolution, complexation and extraction of 
UO2(NO3)22TBP complex into SC-CO2 [15]. Increase of temperature can facilitate the dissolution reaction of UO2 
with HNO3 in TBP-HNO3 complex to produce UO2(NO3)2 and the complexation reaction of UO2(NO3)2 with 
TBP in TBP-HNO3 complex. Moreover increase of temperature can increase volatility of UO2(NO3)22TBP 
complex resulting in greater enhancement in its extraction into SC-CO2. Zhao et al. reported that the dissolution 
rate of UO2 pellets with TBP-HNO3 complex by microwave assisted heating at atmospheric pressure increased 
with increase of temperature and decrease of UO2 pellets diameter [16]. Miura et al. also reported that the 
dissolution extraction efficiency of U and Pu in un-irradiated MOX fuel with TBP-HNO3 complex in SC-CO2 
decreased with decrease of temperature and increase of fuel particle diameter, while there was no effect of 
pressure under experimental conditions [17]. 
Table 2.  Dissolution extraction of UO2 pellets and fine powders with TBP-HNO3 complex in SC-CO2 
Oxide Mass (g) Temperature (oC) Pressure (MPa) Time  (h) E (%) 
UO2 pellets 0.200 50 20 2 6.98 
UO2 fine powders  
(by grinding UO2 pellets) 
0.203 50 20 2 76.86 
UO2 fine powders  
(by grinding UO2 pellets) 
0.202 60 20 2 91.85 
3.2.2. Heat treatment of UO2 pellets followed by dissolution extraction  
UO2 pellets spontaneously broke into powders during the heat treatment under O2 stream at 600 ć. The 
powders obtained were identified as U3O8 powders with XRD as shown in Fig. 3. The powders were also 
characterized with SEM as shown in Fig. 4 (a). The SEM image was treated with Image-Pro plus 6.0 to obtain 
the equivalent diameter distribution of the powder as shown in Fig. 4 (b). The size of most particles in the 
powders ranged in 20-70 Pm, which was much less than 0.5 mm (diameter of UO2 pellets).  
When 0.224 g U3O8 powders obtained by the heat treatment were used for dissolution extraction with 10 ml 
TBP-HNO3 complex in SC-CO2, the extraction efficiency was 98.57% under 60 ć  and 20 MPa, so higher 
extraction efficiency was obtained. U3O8 powders have high porosity and large surface area because of  their 
small particle size, hence easy to be dissolved[15].
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Fig. 3. XRD pattern of the product after the heat treatment of UO2 pellets. (a) Product obtained by heat treatment under 50 ml/min of O2 flow; 
(b) PDF data of U3O8. 
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Fig. 4. The particle size of the product after heat treatment. (a) SEM of the product obtained by heat treatment; 
 (b) Particle distribution of the product. 
3.3.  Dissolution extraction of (U,Ce)O2 solid solution with TBP-HNO3 complex in SC-CO2 
The (U, Ce)O2 solid solution was prepared to simulate the (U, Pu)O2 solid solution by the electroreduction – 
coprecipitation method. For dissolution extraction of (U, Ce)O2 solid solution  with TBP-HNO3 complex in SC-
CO2 under 60  and 20 MPa,  the extraction efficiency of U and Ce is 98.61% and 98.1%  respectively. 
Samsonov et al. reported that Pu in (U, Pu)O2 solid solution were directly extracted with TBP-HNO3 complex in 
SC-CO2, and the extraction efficiency of Pu reached 98.6% under experimental conditions[12]. So the dissolution 
behavior of both (U, Ce)O2 solid solution and (U, Pu)O2 solid solution with TBP-HNO3 complex in SC-CO2 are 
similar. 
4.  Conclusion 
The dissolution extraction efficiency of UO2 pellets with TBP-HNO3 complex in SC-CO2 increases with 
increase of temperature and decrease of the particle diameter at 20 MPa. After UO2 pellets spontaneously turns 
into U3O8 powders under O2 flow and 600 ć, the extraction efficiency greatly increases compared with UO2 fine 
powders (by crushing UO2 pellets) under the same experimental conditions. TBP-HNO3 complex can not 
effectively extract Ce from CeO2 in SC-CO2. However,  the dissolution extraction efficiency of Ce in (U,Ce)O2 
solid solution with TBP-HNO3 complex in SC-CO2 can reach 98%. 
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